Abstract. It is well recognized that poor dissolution rate and solubility of drug candidates are key limiting factors for oral bioavailability. While numerous technologies have been developed to enhance solubility of the drug candidates, poor water solubility continuously remains a challenge for drug delivery. Among those technologies, amorphous solid dispersions (SD) have been successfully employed to enhance both dissolution rate and solubility of poorly water-soluble drugs. This research reports a high-throughput screening technology developed by utilizing a 96-well plate system to identify optimal drug load and polymer using a solvent casting approach. A minimal amount of drug was required to evaluate optimal drug load in three different polymers with respect to solubility improvement and solid-state stability of the amorphous drug-polymer system. Validation of this method was demonstrated with three marketed drugs as well as with one internal compound. Scale up of the internal compound SD by spray drying further confirmed the validity of this method, and its quality was comparable to a larger scale process. Here, we demonstrate that our system is highly efficient, cost-effective, and robust to evaluate the feasibility of spray drying technology to produce amorphous solid dispersions.
INTRODUCTION
Oral bioavailability is limited by factors such as the permeability, solubility, dissolution rate, chemical stability, and metabolism of the drug. Among those factors, solubility and dissolution rate of poorly water-soluble drugs are considered the most critical factors. In the past decade, there has been an increasing challenge for the pharmaceutical industry to achieve reasonable bioavailability after oral delivery of poorly water-soluble drug candidates (1) (2) (3) (4) (5) (6) (7) (8) . Thus, there is a continuous emphasis in industry to improve drug candidate solubility by encouraging chemists to utilize more soluble core molecules when building a drug candidate. Despite the effort, the difficulty of incorporating solubility into a drug candidate while retaining potency and selectivity remains a challenge to all medicinal chemists (1, 9) .
It is well acknowledged in the pharmaceutical industry today that an increasing number of lipophilic drug candidates are providing scientists with the growing challenge of reaching desired exposures in vivo. Approaches to improve solubility, enhance dissolution rate, and improve oral bioavailability of poorly soluble molecules have been developed for both clinical and preclinical studies. Methods such as inclusion complex, nanoparticles, pro-drugs, co-solvents, micelles/ emulsions, salts, co-crystals, and amorphous solids are widely used. Investigations on utilizing amorphous solids of small molecule drugs to improve oral bioavailability of poorly soluble drugs have been reported (1, (10) (11) (12) (13) . The advantage of amorphous solids versus crystalline solids on solubility is well studied (10) (11) (12) (13) ). An amorphous solid can be defined as its molecular arrangement lacks long-range order, which is the unique feature of crystals. Therefore, the entropy and free energy of an amorphous solid are higher than those of its crystalline counterpart. This energy difference leads to significantly higher solubility and faster dissolution for the amorphous form than the crystalline form. Solubility (S) of a solid solute can be expressed by considering the three basic measurements in the following equation (14) .
S ¼ f Crystal Packing Energy þ Cavitation Energy þ Solvation Energy ð Þ
It is well understood that the first step to the solubilization of a solid solute is the disruption of its crystal packing where the crystal packing energy is accounted for. The cavitation energy is the energy required to disrupt water for creation of a cavity in which the solute is to be hosted, and solvation energy is the sum of favorable interactions between solute and solvent. A crystalline solid has a higher relative crystal packing energy as compared with an amorphous solid, which leads to the amorphous solid often exhibiting higher solubility. Therefore, when the solubility or dissolution rate of the drug in the gastrointestinal tract is the limiting factor for absorption, dosing an amorphous solid can result in improved oral bioavailability (15) (16) (17) . Despite the promising features of amorphous solids, unfortunately, they are not problem-free. Stabilizing the amorphous solid to prevent recrystallization would be required. However, kinetic stabilization of the amorphous state of a drug below the glass transition temperatures poses great challenges (10) .
The current strategy is to employ appropriate polymeric matrices to inhibit crystallization of the amorphous drug. The effect of different polymers on inhibition of crystallization of amorphous drugs has been well studied with a variety of pharmaceutically acceptable polymers including povidone, crospovidone, poloxamer, hydroxypropyl methylcellulose acetate succinate (HPMCAS), hydroxypropyl methylcellulose phthalate, hydroxypropyl methylcellulose (HPMC), hydroxypropylbeta-cyclodextrin, polymethacrylates, and so forth. Recently, the application of the spray drying process to make amorphous solid dispersion drug polymer systems has drawn a lot of interest. Spray drying has been widely used in the chemical and food industries to dry aqueous solutions, organic solutions, and emulsions. For instance, dry milk powder, detergents, and dyes are a few spray-dried products currently on the market. Today, spray drying is widely utilized in the pharmaceutical industry to generate amorphous solids due to its fast drying capability. Spraydried solid dispersion (SDD) technology, where the drug is dispersed in its amorphous form at the molecular or nanoparticle level within a solid matrix, is a proven technique for successfully improving drug solubility (1, 7, 10, 12) . In broad terms, SDDs are thermodynamically stable solid dispersions of the amorphous active pharmaceutical ingredient (API) dispersed in a polymeric matrix. Due to their morphology and thermodynamic properties described above, SDDs are capable of reducing drug crystallinity and stabilizing the system during storage and in vivo. In consequence, the oral bioavailability of a SDD drug is often found to be orders of magnitude higher than that of the purely crystalline drug form. In the past decade, SDDs have become more widely accepted by the pharmaceutical industry for drug delivery than other similar technologies due to its performance and cost efficiency. For example, SDDs are 30-50 times less expensive than freeze-drying (18) .
A robust formulation with optimal drug load and excipients is one of the key factors of successfully developing a SDD system. However, due to the large scale of conventional spray dryers, the amount of bulk drug needed for feasibility testing is high, and the process is very time-consuming. Moreover, each batch prepared can only evaluate a single formulation composition. It quickly becomes expensive and resource-limiting when multiple compounds need to be tested in discovery stage. This issue has limited the initial consideration of using SDDs as an oral delivery option. Such a limitation is particularly critical in the pharmaceutical discovery setting, since large amounts of candidates are made in small quantities and both in vitro and in vivo resources are often limited and costly. Previously, several articles have reported screening methods for making amorphous solids (19, 20) . Despite their success, the suitability, validity, and theory of utilizing the reported SDD screening method were not evaluated. Most importantly, the long-term product stability and detailed solid-state characterization, which are the most important factors for predicting long-term success, were not reported in those articles.
The scope of this work was to develop a fully automated high-throughput system for complete SDD feasibility screening.
A 96-well plate vacuum dry system was applied for sample preparation, and several marketed drugs along with an internal drug candidate were used to validate the system. Powder X-ray (PXRD) pattern, solubility, and stability of the resulting SD in each well were evaluated to determine the best composition. This system allows batch processing (96-well) and offers comparable drying efficiency to that of a conventional spray dryer through a high vacuum centrifuge thermal evaporation system. Therefore, it enables us to evaluate both polymer type and drug load simultaneously with minimal API consumption and short processing time, while providing a full picture of stability and product shelf-life estimation.
It is well expected that, in order to be useful, a high-throughput screening (HTS) technique must be fully tested and validated. The system should be designed to provide flexibility, acceptable accuracy, low compound consumption, and most importantly, the ability to predict scalability. Our 96-well system was designed to accommodate all of the above qualities. In order to test our system, a total of four model drugs were used: acetaminophen, indomethacin, celebrex, and griseofulvin. For choice of polymers, HPMC-AS, polyvinylpyrrolidone (PVP) K90, and HPMC K100 were selected. These drug and polymer systems were selected based on the abundance of literature in amorphous solid efforts and in-house data (21, (26) (27) (28) (29) (30) (31) . Based on the design of 96-well plates, any combination of drug(s), polymer(s), or surfactant(s) can be easily implemented. Furthermore, it is well known that, in order to fully leverage the advantage of amorphous materials for long-term drug delivery, stability of the material is the key. Only systems with suitable stability can be developed for long-term usage.
MATERIALS AND METHODS

Materials and Instrumentation System
High-performance liquid chromatography (HPLC)-grade acetonitrile was obtained from Burdick and Jackson (Muskegon, MI). The HPLC system used was an Agilent HP 1100 HPLC equipped with a diode array and a variable wavelength UV detectors and quaternary solvent delivery system (Palo Alto, CA). Several analytical columns were tested, and an Alltech Alltima C8 (5 μm, 4.6×150 mm) was selected and used for analysis. The water purification system used was a Millipore Milli-Q system. All chemicals used for system validation were either synthesized internally or obtained from Aldrich (St. Louis, MO) and were used without further purification. Compound A was manufactured by Genentech Inc. HPMCAS grade M was purchased from Shin-Etsu Chemical Co., Ltd. (Tokyo, Japan), lot # 6113225; PVP, K90, and HPMC K100 were purchased from Aldrich (St. Louis, MO). An EZ-2 Plus centrifuge vacuum dry system from SP scientific (Stone Ridge, NY) was used for drying with maximum temperature set at 80°C. A typical vacuum of 6-8 mbar or lower is often achieved during the drying. The S141937 Crystallizer Block from with S120464 glass substrate from Freeslate was used for sample preparation. Bruker D8 Discover with GADDS HTS powder X-ray analysis and operating in reflectance mode at 40 kV and 40 mA. Scans were taken from 0 to 40°(2θ) within a time window of 8 min. The mDSC experiments were carried out on a Thermal Analysis (New castle, DE) DSC Q1000 system with two modulated scans from 0 to 180°C at a ramp rate of 2°C/min and modulation of ±0.5°C every 60 s.
96-Well Screening Sample Preparation
Screening samples were prepared using the solvent casting approach. For each compound, 10 mg/mL stock was made by dissolving compound into the most suitable organic solvent (acetaminophen in ethanol, and indomethacin, celebrex, and griseofulvin in acetone). For each polymer, various concentrations of stocks (2.1 to 45 mg/mL) were prepared in organic solvent (HPMC in 50/50 methylene chloride/ethanol, HPMCAS in acetone, and PVP in ethanol). Each individual compound stock was dispensed into the Freeslate (Santa Clara, CA) 96-well plate (40 uL) and then followed by 80 uL of each polymer solution. After dispensing, the plates were briefly vortexed to thoroughly mix the stock solutions. The solvent was quickly evaporated using the vacuum dry system and operating conditions described above. Duplicate plates were made for each set. One plate was used for PXRD, and the other plate was used for solubility measurement. Any combination of drugs, polymers, and surfactants can be evaluated using the same device. An example of a plate map is illustrated in Fig. 1 . After drying, plates were allowed to equilibrate in a vacuum oven with house vacuum and ambient temperature overnight. Post-equilibration, one plate was transferred to a stability oven (controlled at 50°C and 75% RH) for a period of 2 weeks for stability evaluation. The other plate was disassembled to obtain the glass plate for HTPS PXRD. Following PXRD scan, the plate was placed in the same 50°C and 75% RH oven for physical stability evaluation and re-scanned on day 7 and day 14. In order to obtain key thermal data (Tg by DSC) to compare the quality of the material generated by 96-well plate against material generated by the SDD process (21), small batches of compound A were scaled-up by using the same methodology and glass vials in order to accommodate large scale. The amount of sample and polymer was increased by 20-fold (1 mL of 10 mg/mL compound stock and 2 mL of polymer stock).
Spray-Dried Dispersion of Compound A
SDD preparation followed the procedure reported previously (21) . Generally, solid molecular dispersions are reported as a percent drug load (by weight) in HPMCAS-M. For example, a 25% drug load consists of one part (by weight) compound and three parts (by weight) HPMCAS-M. Solutions were spraydried on a Buchi B290 (Flawil, Switzerland) spray dryer using a high-performance cyclone and small-volume sample collector. After spray drying, samples were dried under ambient (23°C) conditions to remove the solvent. Compound A (1.49 g) and HPMCAS (4.48 g) were dissolved as a 5 wt.% solution in MeOH, for a total solution weight of 114 g. Spray drying yielded 5.43 g product (91%) as a powder which was stable upon standing and used in the preparation of suspensions for testing.
X-ray Powder Diffraction (PXRD)
The PXRD patterns were recorded at room temperature with a Bruker-AXS D8 Discover X-ray Powder Diffractometer equipped with a GADDS 2D detector. The detector was placed 15 cm from the sample. Radiation of Cu Kα at 40 KV×40 mA was used. The collection range was 5-40°2θ. A flat glass 96-well plate with samples on top was positioned on a plate , and data collection time was approximately 6 min for each powder sample plus video image.
Characterization: DSC Analysis and Glass Transition (Tg) Determination
Differential scanning calorimetry was performed on a TA Instruments Q1000 modulated DSC. A modulated differential scanning calorimeter (TA Instruments Q1000) was used to measure melting point, glass transition temperature, and heat capacity of both crystalline and amorphous solid dispersion of compound A. Samples were initially cooled to 0°C for 5 min and were heated to 200°C at 2°C/min with modulation of ±0.5°C every 60 s. High-purity indium was used to calibrate for the heat flow and heat capacity of the instrument.
Solubility Study
On day 14, the second 96-well plate was removed from the stability oven. The solubility test was performed by adding 0.5 mL of 50 mM pH 6.5 sodium phosphate buffer with 0.1% Tween 80 (preheated to 37°C) into each well. The plate was placed on a shaker heated to 37°C for an hour. The shaking speed was set at 500 rpm. The mixtures of each well were then transferred to a 96-well 0.2 μm PVDF membrane filter plate (Corning, New York, USA). The samples were pulled through the filtration plate using the Whatman 96-well vacuum filtration unit, and the filtrate was collected in V10636 1 mL 96-well autosampler vials from Freeslate . One hundred microliters of the filtrate was then transferred to a 96-well HPLC plate (Agilent) prefilled with 100 μL of 50/50 IPA/dimethyl sulfoxide (DMSO) and thoroughly mixed to prevent any further precipitation of the compound before analysis. The drug concentration was analyzed by HPLC against an external standard. The HPLC multiple solvent pump system was used for the gradient elution. A total of two mobile phases were used to prepare the gradient. Solvent line A contained acetonitrile with 0.1% trifluoroacetate (TFA) (v/v); solvent line B contained Milli-Q water with 0.1% TFA (v/v). Flow rate was set at 1.5 ml/min for fast elution. For the method in general, at T=0 min the mobile phases (95% A, 5% B) were mixed by the HPLC pump and held for 0.5 min (isocratic elution). From T=0.51 to T=4.0 min, a linear gradient from 5% B to 100% B was applied and allowed to hold at 100% for 1 min (from 4.01 to 5.0 min). At T=5.01 min, the system was set back to the initial condition, and the flow rate was set to 2.0 mL/min and allowed to equilibrate for 1 min to prepare for the next injection. The gradient program was occasionally changed in order to achieve the best elution condition. A total of five wavelengths (220, 240, 254, 280, and 330 nm) were used for data collection for best sensitivity. For each well containing SDs (with polymer), the solubility ratio against a control well (100% drug) was calculated by the following equation to estimate the degree of solubility improvement based on the polymer and drug load.
Ratio ¼ Area counts obtained from SD well drug þ polymer ð Þ = Area count from the control well 100%drug ð Þ
RESULTS AND DISCUSSION
It is understood that, in order to resemble the spray drying system, a fast solvent evaporation is essential. When the solvent evaporation rate becomes too slow, crystallization may occur. For example, it has been reported the acetaminophen SDD can be made only by the spray drying system and not by the evaporation method (22) . In our system, both high vacuum and heat were used to ensure fast solvent removal.
The solvent evaporation rate was calculated by the Hickman equation and the Clausius-Clapeyron equation.
Hickman Equation
Based on the equations, high drying temperature (highest setting of the instrument) was applied in our method to ensure short drying time. For example, the drying time of ethanol (120 uL) under the experimental conditions is calculated to be about 1 s, and DMSO (120 uL) is about 15 s. This fast and complete drying should avoid crystallization that may cause false-negatives.
In our system, the stability of post-processed materials was challenged by storing plates in a high temperature and high humidity chamber (50°C/75% RH). PXRD was run on the same plate on days 1, 7, and 14 to assess the physical stability of the product. For example, post-process, most samples were found to be amorphous on day 1, with the exception of the highest drug loads. On day 7, however, crystalline signals were found in all drugs with lower polymer content, although different polymers were found to have different cutoffs. On day 14, the same plate was scanned by PXRD again, and data were used to compare with results obtained on both day 1 and day 7. In general, stronger crystalline signals were found in wells showing crystallinity on day 7; meanwhile new crystalline signals were found in wells that showed no crystalline signal on day 7. Due to the need for drug product stability, it is believed that the data generated from the 14the day is more relevant to reflect the long-term stability of the solid dispersion. The physical stability difference of different polymer SD systems was not a surprise since the interaction between different polymers and drugs are different, and similar findings were reported by other researchers (23) (24) (25) (26) (27) (28) (29) (30) (31) (32) . Our 96-well plate results have good agreement with literature results that were made at much larger scales. For instance, stable SDDs of both acetaminophen and indomethacin were reported by researchers (26) (27) (28) (29) and characterized where PVP was used as a polymer. In our 96-well system, when comparing drug load and stability (crystalline signal) poststorage, PVP worked well for acetaminophen, indomethacin, and celebrex (30) but not griseofulvin (31) . At higher drug loads, the SD materials of acetaminophen, indomethacin, and celebrex made with PVP remained amorphous post-storage (50°C/75% RH), while griseofulvin did not. This finding was supported by the solubility data. For example, the solubility ratios of griseofulvin PVP SDs are much lower when compared with other polymers. An example of griseofulvin SD stability in different polymers on day 14 by PXRD is illustrated in Fig. 2 , and a crystallinity evaluation summary for all 4 model compounds is tabulated in Table I . In general, the trend of solubility ratio vs. drug load can be correlated with the results of PXRD data where solubility ratio decreases with increasing drug load and corresponds to the increasing crystalline signal in the PXRD pattern. In several cases, higher than unity solubility ratios were found in sample wells that showed crystalline signals. This phenomenon is highly likely to be attributed to the partial crystallinity of the samples which may still result in higher solubility ratio.
Overall, this solubility data further helped to narrow down the polymer selection and drug loads where a higher ratio was desired. It is worth noticing that, for acetaminophen, the solubility ratios of all SD materials are close to unity. It is not a surprise since acetaminophen is considered a BCS class I/III compound where solubility is considered high (32, 33) . The use of acetaminophen as a model compound in making amorphous materials is due to its high degree of crystallinity. A summary table is illustrated in Table II . Based on this data, recommendations of polymer system and maximum drug load can be made. For example, among these three polymers, the best polymer for indomethacin is PVP (based on the drug load) and maximum drug load is at least 70%. This finding is in agreement with other researchers where indomethacin PVP SDD was made up to 80% drug load (34, 35) . It is believed that the high degree of drug load of indomethacin with PVP is an attribute of indomethacin's interaction with PVP in solid dispersions through hydrogen bonds formed between the drug hydroxyl and polymer carbonyl group (35) (36) (37) . In contrast, PVP is less likely to work with griseofulvin due to the lack of a hydrogen bond accepter. Furthermore, both HPMC and HMPCAS worked as well. Compared with HPMC, HPMCAS was found to work slightly better for both indomethacin and celebrex and equally for acetaminophen and griseofulvin (30) . It is worth noticing that although, both HPMC and HPMCAS work with griseofulvin, the drug load remains very low (<30%). A different polymer system may be needed to obtain a higher drug load. This finding is not a surprise since most of the recent griseofulvin SDD research has been focused on ternary systems (38, 39) .
These findings are very critical, since drug load, correct polymer(s), and thermal stability of the amorphous material are essential for the success of utilizing SDs as a drug delivery option. The selection of polymer will ultimately influence the quality and stability of SD materials, hence, the in vivo performance. For example, if PVP was selected to make griseofulvin SD with high drug loading, the risk of crystallization during storage would be higher. If during storage, amorphous material converts back to a crystalline or partially crystalline form, there may be an impact on dissolution rate and solubility. This impact may translate to reduced exposure and large variability in vivo. Both cases are not acceptable for long-term usage. Furthermore, the best polymer systems will allow maximum drug load and reduce the pill burden. These findings allow the formulator to narrow down polymer(s) selection and drug load early on. These results combined with solubility data enable one to quickly rule out the undesired drug load Fig. 2 . PXRD data of griseofulvin SD on day 14 at 50°C/75% RH (drug load from top to bottom 100%, 10%, 20%,30%, 40%, 50%, 60%, and 70%) against a certain polymer.
In order to further test the system, compound A, a lowsolubility b-Raf kinase inhibitor (21) , was used as a benchmark compound for further comparisons. Compound A was made in-house and found to have solubility limited absorption in vivo (21) . Several compositions of SDDs of compound A were made by a spray dry process in large scales to improve oral BA (21) . The materials generated by the spray drying process were tested both in vitro and in vivo previously. A direct comparison of SD materials generated by our process against the spray dry process will further strengthen the validity of our method. The same 96-well procedure and conditions were used for compound A sample preparation. For the PXRD study, it was found that all samples were amorphous at day 1. At day 7, all HPMC, HPMCAS, and low drug load PVP samples still remained amorphous, but pure API and high drug load (70%) PVP samples showed crystalline signals. At day 14, all of the HPMC and HPMCAS samples were still amorphous, while pure API and several high drug load PVP samples (50%, 60%, and 70% drug load) showed crystalline signals. An example of PXRD data on PVP samples is illustrated in Fig. 3 . This data generated by our 96-well plate method is in good agreement with the data generated by the larger-scale SDD process. It was reported that, upon co-spray drying with HPMCAS, compound A remains amorphous up to 80% drug load (unpublished data). Solubility data comparison is illustrated in Fig. 4 . The degree of solubility increase was found to be drug load-and polymer-dependent. In general, material made with HPMCAS has the highest solubility followed by HPMC, then PVP. The solubility improvement versus drug load was non-linear. For example, the solubility of 20% drug load material made with HPMCAS had a 14-fold increase when compared with sprayed drug alone (control). The ratio dropped quickly from 14 to 9 when drug load increased to 30%. The ratio further dropped to sixfold with increasing drug load to 40%. This is not a surprise since the amount of polymer needed to stabilize amorphous materials in aqueous media is very sensitive from compound to compound. The solubility trend generated by our system is very similar to the materials made by large-scale SDD with HPMCAS (21) . While they are all amorphous, when compared with the API, the solubility increase of compound A HPMCAS SDD with drug loads of 40%, 60%, and 80% were 30, 10, and 5-fold, respectively (21) . The superiority of HPMCAS in increasing compound A solubility in the aqueous medium is likely due to two key properties. First, it is reported the polymer is partially ionized at pH above 5. This charge prevents nano-sized drug polymer aggregates (colloidal particles) from merging into larger aggregates that may not be capable of facilitating release of free drug. Secondly, as 1  2  3  1  2  3  1  2  3  1  2 1  1  2  6  3  3  4  6  7  12  22  2  20%  1  1  2  4  2  3  3  3  4  7  18  2  30%  1  1  1  4  3  3  2  3  3  5  15  2  40%  1  1  1  1  2  2  1  2  2  6  8  2  50%  1  1  1  1  2  2  1  1  2  5  4  1  60%  1  1  1  1  2  2  1  1  1  3  3  1  70%  1  1  1  1  1  2  1  1  1  3  2  1 SD solid dispersions, API active pharmaceutical ingredient, HPMC hydroxypropyl methylcellulose, PVP polyvinylpyrrolidone HPMCAS is amphiphilic; the hydrophobic regions on the polymer provide sites for drug association, while hydrophilic regions permit the formation of stable, hydrated, nano-colloidal structures in aqueous media (28) . In order to further compare the SD materials generated by our process to those obtained from the large-scale spray dry process, a small scale-up was conducted by using the same procedure ("Materials and Methods" section). Since the large scale-up SDD was only made with HPMCAS due to its best in vitro performance (21), only HPMCAS was used for our small scale-up. Both 25% and 40% drug load SD materials were made and characterized by DSC and HPLC. The results were compared with SDDs obtained from the spray drying process. DSC data suggest that the SD materials made by our process were very close to those made with large-scale spray dry process. For 25% drug load, Tg of compound A in SDDs generated from large-scale spray drying process was 116°C (SDD) and 119°C (SD) from our process. For 40% drug load, Fig. 3 . PXRD scans of compound A amorphous materials (with PVP) stored at 50°C/75% RH. From left to right: day 0, day 7, and day14. From top to bottom-100%, 10%, 20%, 30%, 40%, 50%, 60%, and 70% drug load Tg of the solid molecular dispersion of compound A from the large-scale batch was 123°C (SDD) and 124°C (SD) from our process. No evidence of compound crystallization was seen at temperatures near the melting point (Tm=200°C). A small deviation was attributed to a slight difference of the final drug loads and purity of the API used. Detailed information is illustrated in Fig. 5 .
Based on the data, it is concluded that the SD materials made from our process are very similar (if not equal) to those made from large-scale SDD. We are fairly confident that our well-validated process can be used as SD formulation screening method to identify suitable polymer(s) and drug load. With our device, the same conclusion was drawn based on PXRD, stability, and solubility data with much less time and resources. It has been proven that this method is simple, costeffective, accurate, capable of providing multiple outputs, and can be used in a high throughput mode. A flow chart of this HTS assay is illustrated in Fig. 6 . One limitation of this method is that, due to the small well size, only one time point sample can be drawn for solubility testing. The current design forbids us from constructing a full solubility profile to potentially investigate dissolution rate, which may help to further narrow down the selections for scale up. Since amorphous material is in a high-energy metastable state, amorphous drug in SDDs will eventually convert to the crystalline form in the aqueous medium over time. Ideally, multiple solubility measurements would be made to get a clearer picture of solubility improvement and the effect on dissolution rate. For future development, a plate with larger well can be used to easily overcome this limit. Furthermore, a fully automated robotic system may be needed to enhance the speed and accuracy of our method. 
CONCLUSIONS
It is well understood that one of the biggest challenges in the pharmaceutical industry nowadays is achieving reasonable exposure after oral delivery of poorly water-soluble drug candidates in both the preclinical and clinical settings. In order to overcome such an issue, researchers have developed many technologies/platforms to enable oral delivery of problematic compounds. Within those technologies, polymer-based amorphous systems such as hot melt extrusion and SDD have drawn a lot of interest in the past decade. Despite the high interest level, the implementation of these technologies early on was limited mainly due to high material and time demands. A 96-well SDD screening system has been developed and validated. This system combines sensitivity, selectivity, and convenience. The setup is very flexible: Well size, amount of materials, type of materials, and detection method can be changed easily to accommodate all needs. In addition, minimal compound requirement makes it an ideal assay in the drug discovery lab setting. Although other efforts have been made to answer the same question, none provided all the advantages such as accuracy, ease of use, cost-effectiveness, and scalability as our system did. One of the biggest challenges the pharmaceutical industry is facing today is the need to lower costs and to reduce time to market. Therefore, generating high-quality data is one of the top priorities for the industry. We believe that, by using the system described above, reliable data for decision making can be obtained early in the process without large investments, and such effort cannot be overemphasized.
